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delayed rectifier K ϩ current; patch-clamp electrophysiology; Salmonella enteritidis; E-4031 SEPSIS IS A COMPLEX CLINICAL problem that can progress into multiorgan dysfunction syndrome (MODS) and death. At least one-half of the high mortality rates of severe-sepsis, sepsis, and MODS result from cardiovascular failure (27) . Approximately 40% of patients in septic shock also experience myocardial dysfunction (36, 44) , which comprises reduced systolic contractility, impaired diastolic relaxation, and ventricular dilatation. The initial clinical pattern, however, ironically is termed "hyperdynamic," because it often presents with high cardiac output, elevated heart rate, and vasodilatation of the dermis (27). This is attributable in part to the volume loading that is frequently the initial treatment for septic shock patients to maintain cardiac output and organ perfusion (15, 28) . As is often the case in the complexity of sepsis, the prevailing symptoms can mask organ and system failure occurring at a deeper level in the clinical spectrum.
The most prevalent sign of myocardial depression in the septic patients, in spite of their increased heart rates, is reduced heart rate variability (HRV), which is prodromal to unfavorable outcome (8, 30, 31, 38) . Based on telemetry studies in mice, this reduction in HRV is attributable to lipopolysaccharide (LPS; Ref. 5); however, it remains uncertain whether this action of LPS results from its direct effect on heart cells (41, 47) or broader effects involving the central and autonomic nervous systems (6) .
We have reported that bacterial LPS added to an immortalized mouse myocardial cell line, HL-1 cells (4) (41) . LPS also inhibited activation of the cardiac pacemaker, "funny" current, I f (41), which is attributable to direct inhibition of human HCN2 ion channel current (19) . These results were in keeping with reports in both isolated rat cardiomyocytes and a modified Langendorff isolated rat heart preparation showing that LPS markedly reduced various hemodynamic characteristics including cardiomyocyte shortening, left ventricular (LV) developed pressure, heart rate, LV ejection fraction, and cardiac output (17) . Interestingly, LPS treatment of rats also increased the time constant of LV relaxation and blunted its decrease with pacing (17) . The authors attributed these results to impaired Ca 2ϩ uptake by the sarcoplasmic reticulum in LPS treated animals. Others (16) have shown that endotoxin impairs cardiac hemodynamics by affecting loading conditions, which could indicate inadequate myocardial relaxation, but not by reducing cardiac ionotropism. Taken together, these studies show that LPS as a circulating constituent of sepsis markedly reduces cardiac function via Toll-like receptor 4 (TLR4)-mediated alterations in cellular metabolism. It appears that the heart, although metabolically depressed during sepsis, has sufficient physiologic reserve to respond and handle volume loading and inotropic stimulation as part of therapy; however, cardiac depression persists and complicates the clinical picture during recovery.
We conducted the present study to determine whether LPS alters additional electrophysiologic variables of cardiomyocytes that may account for myocardial depression. We show here that LPS added to HL-1 cells increases duration on the action potential resulting from inhibition of the rapid, delayed rectifier K ϩ current, I Kr .
METHODS AND MATERIALS
HL-1 cell culture. HL-1 atrial cardiomyocytes were a gift of Dr. William Claycomb (Louisiana State University Medical Center). They were grown in 5% CO2 at 37°C in Claycomb media (Sigma) supplemented with batch-specific 10% FBS (Sigma), 100 U/ml:100 g/ml penicillin/streptomycin (Invitrogen), 0.1 mM norepinephrine (Sigma), and 2 mM L-glutamine (Invitrogen). Before culturing cells, flasks were treated overnight with 0.02% Bacto gelatin (Fisher Scientific): 0.5% fibronectin (Invitrogen). For electrophysiologic or calcium measurements cells were plated at a density of 3 ϫ 10 5 cells/35-mm culture dish on glass coverslips (12-mm diameter) that had been briefly flamed to enhance coating and then transferred to a 35-mm culture dish where they were treated with gelatin/fibronectin overnight.
Whole cell voltage-clamp measurements. Cells were grown for 1-2 days on 12-mm diameter glass plastic coverslips, which resulted in islands of juxtaposed cells. These were transferred to an acrylic chamber (Warner, New Haven, CT) on the stage of an inverted microscope (Olympus IMT-2) equipped with Hoffman modulation contrast optics. Cells were superfused at room temperature with a standard external salt solution. Patch pipettes (3-6 M⍀ MN) . LBP is an acute-phase protein that binds to LPS and presents it to the pattern recognition receptor TLR4 (25) . E-4031 was obtained from Alomone Labs (Jerusalem, Israel).
Data analysis. Results were expressed as means Ϯ SE and differences between means were computed by Student's paired or unpaired t-test, or they were expressed as box and whisker plots showing the mean, minimum and maximum, 25th percentile, median, and 75th percentile. Some electrophysiological data were analyzed using WinASCD software (Guy Droogmans, Katholieke Universiteit, Leuven, BE; ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/winascd.zip).
RESULTS
Action potentials occur spontaneously in ϳ40% of nonconfluent immortalized mouse Hl-1 cardiomyocytes, accompanied by transient increases in intracellular Ca 2ϩ (29, 41) . These action potentials display depolarizing, diastolic pacemaker potentials in phase 4 followed by rapid upstrokes and repolarizations, which are characteristic of sinoatrial node cardiomyocytes in situ, (Fig. 1) . Under control conditions with added LBP (10 ng/ml), the cell in Fig. 1 fired action potentials at 49/min (blue traces). Twenty minutes following added LPS endotoxin (S. enteritidis; 1 g/ml), the rate of firing had decreased to 36/min (Fig. 1, red traces) . Selected action potential traces from both trains were overlayed for further comparisons (Fig. 1, inset) . These showed that LPS treatment prolonged duration of the pacemaker potential (which is taken as the duration from the maximal diastolic potential until the foot of the action potential; Fig. 1 , red trace; 1,300 ms) compared with that obtained from the cell under LBP-control condition (Fig. 1 , blue trace; 800 ms), as well as shifted the threshold potential (Fig. 1, dashed lines) to a more positive voltage (Fig. 1,  inset) . In summary, LPS treatment significantly increased the duration of the pacemaker potential from 694 Ϯ 20 to 1,004 Ϯ 96 ms (n ϭ 10; P Ͻ 0.004). Moreover, LPS treatment also reduced the slope of the depolarizing potential of the LBP control from 12.4 Ϯ 0.6 to 8.9 Ϯ 0.9 V/s (n ϭ 10; P Ͻ 0.001).
Prolongation and reduced rate of depolarization of the pacemaker potential by LPS is consistent with our report that LPS inhibits the hyperpolarization-activated cationic current, I f , (41) and HCN ion channels (19) . This, however, does not account completely for the extended action potential duration. To assess this effect of LPS, we paced HL-1 cells in currentclamp mode by passing 0.1 nA current through the pipette at 1 Hz. Representative action potential traces under these conditions included control, added LPB, and various times after added LPB plus LPS (1 g/ml; Fig. 2 ). The added LPS increased action potential duration; however, this prolongation took Ն10 min to develop (Fig. 2) . In addition, LPS reduced the amplitude of the action potentials, which is addressed (below) by the measurement of the effect of LPS on inward current attributable to Na ϩ . To quantify this effect of LPS on action potentials, we measured action potential durations at 50 and 75% repolarization for the groups shown in Fig. 2 . LBP alone had no effect compared with the untreated control condition, whereas LPS treatment increased action potential duration at both 50 and 75% repolarization (Fig. 3, A and B, respectively) . The effect, however, was not evident until Ն10 min following added LPS, and then duration increased further up to 20 min following the addition (Fig. 3, A and B) . LBP alone had no significant effect on action potential durations measured under identical time course and perecent repolarization (Fig. 3, A and B) . To explore the mechanism by which LPS affected action potential duration, an HL-1 cell was voltage-clamped and whole cell currents were measured, first under LBP-control conditions and then 10 min following added S. enteritidis LPS (1 g‫گ‬ml; Fig. 4 ). The holding potential was Ϫ80 mV with an initial voltage step to Ϫ60 followed by successive 10-mV increments to 80 mV. Under control condition (Fig. 4A) , inward currents activated rapidly at Ϫ60 mV and were evident at additional depolarized voltage steps. These inward currents quickly inactivated. Outward currents (Fig. 4, A and C) were first evident at ϳϪ10 mV and increased in magnitude up to 80 mV. These showed no inactivation. LPS (10 min) reduced inward current magnitudes at all depolarizations compared with LBP control (Fig. 4B) . LPS also inhibited voltage-activated outward currents compared with those measured under the LPB-control condition (Fig. 4, A and B) , and current/ voltage plots from repeated measures taken at the arrows in Fig. 4 , A and B, are shown in Fig. 4C .
The voltage-clamp protocol and the composition of external and pipette solutions did not allow discrimination among cationic currents. Aspartate was the predominant anion in the pipette solution; thus the inward currents are attributable to Na ϩ and Ca 2ϩ . These were eliminated when methy-D-glucamine (NMDG ϩ ) was substituted for external Na ϩ and Ca 2ϩ ( Fig. 5A) , which left only outward currents attributable to K ϩ . Delayed rectifier K ϩ current, I Kr, constitutes the predominant outward current in HL-1 cells (4, 39) . Moreover, I Kr , inactivation contributes to the extended duration of the cardiac action potential and release from inactivation contributes to its repolarization (12) . By virtue of the rapid release of channel inactivation on partial repolarization of the plasma membrane, I Kr displays a resurgent outward tail current due to the relatively slow ion channel deactivation (33) (Fig. 5B, inset) . Thus we evaluated the effects of LPS on tail currents. LPS completely inhibited HL-1 cell tail currents within 20 min of addition (Fig. 5B) since Cs ϩ is excluded by many K ϩ channels but conducted by I Kr (32, 45) . The external solution here contained nifedipine (1 M). Outward currents were evident at voltage steps greater than Ϫ30 mV, and these diminished in amplitude sequentially at 10 and 20 min following LPS (1 g/ml; Fig. 6A ). Repeated measures of this inhibition of outward currents by LPS are shown in current/voltage plots in Fig. 6B .
To determine whether inhibition of I Kr in HL-1 cells increases action potential duration, we examined the effects of E-4031, a known inhibitor of delayed-rectifier K ϩ current in HL-1 cells (39) . Here, NMDG ϩ again was substituted for external Na ϩ and Ca 2ϩ to eliminate inward currents. E-4031 (1 M) markedly inhibited the outward currents in HL-1 cells recorded over 3-5 min (Fig. 7) . In addition, E-4031 treatment extended spontaneous action potential durations at 50% repolarization from 679 Ϯ 29 to 951 Ϯ 38 ms (n ϭ 10; P Ͻ 0.001) and at 75% repolarization from 768 Ϯ 32 to 1085 Ϯ 38 ms (n ϭ 10; P Ͻ 0.001; Fig. 8, A-C) . Moreover, E-4031 decreased action potential amplitude and elicited early afterdepolarizations (Fig. 8D) . The amplitude of the paced action potentials and inward currents diminished variously between 10 and 20 min after added LPS (Figs. 2 and 4, A and B) , which most likely was not accounted for by reduced K ϩ currents and prolonged repolar- ization. We also noted that added LPS resulted in a positive shift in threshold potential, Fig. 1 . Both suggest a diminution of the inward, cationic currents activated at the more negative voltages in HL-1 cells, i.e., I Na and I Ca,T (43) . The magnitude of these inward currents is in keeping with that of I Na (43) , and we have shown that they are eliminated by substituting NMDG ϩ for external Na ϩ (41). We also have reported that LPS does not inhibit HL-1 cell L-type Ca 2ϩ currents within this time course (41) . Although it is apparent that voltage control of I Na is problematic in HL-1 cells (43) and other atrial myocytes (40) , carefully controlled measurements demonstrated that LPS over 20 min reduced the magnitude of the largest and most rapid of the voltage-activated inward currents in HL-1 cells (Fig. 9, A and B) , whereas inward current did not decrease during this time course in LBP-control cells (Fig. 9, C and D) . These large inward currents were present in only 20% of HL-1 cells recorded in cells 1-2 days beyond passage.
DISCUSSION
We have shown that LPS increases duration of the action potential in HL-1 cells by as much as 250 ms. Considering that murine heart rates range from 400 to 800 beats/min (20) , an increase in action potential duration of this magnitude could account for LPS-induced bradycardia (22) . Projecting in vitro observations to heart function in situ, these findings account at least in part for reduced heart rate variability (8, 30, 31, 38) and depressed cardiac function that accompanies sepsis (36, 44) . This may be particularly relevant to neonatal sepsis where mortality is often preceded by reduced heart rate variability and transient decelerations (10, 11) .
Pathogen activation of TLRs initiates a complex response by the innate immune system with subsequent release of proinflammatory cytokines from macrophages. These in turn activate neutrophils to produce various antimicrobial molecules to counter the primary infection (1, 24) . Notwithstanding, many nonimmune cell types also contain TLRs, and their coactivation can have deleterious effects on normal organ function. For example, sepsis can depress cardiac function via TLR signaling (23) ; however, the multiple array of effectors in situ can impede our understanding of the specific mechanism of cardiac damage. Thus in vitro cell culture systems can be useful in elucidating particular effector responses. Here, we have demonstrated that endotoxin directly diminishes excitability of immortalized mouse HL-1 cardiomyocytes in culture. Prolongation and decreased rate of the phase 4 pacemaker potential by LPS are consistent with our previous report that LPS inhibits the "funny current," I f , in HL-1 cells (41) and that it also inhibits HCN channels in native murine sino-atrial node cells and those expressed in HEK293 cells (19) . This, as well as an LPS inhibition of I Na and positive shift in threshold voltage, explains, in part, the bradycardia in mice following experimental sepsis by cecal ligation and puncture (7) . Prolongation of the action potential duration in HL-1 cells by LPS most likely results from its inhibition of the rapid, delayed rectifier K ϩ current, I Kr . This current appears as the predominant K ϩ current in HL-1 cells (4, 39) ; however, we cannot rule out involvement of additional K ϩ currents in HL-1 cells (26) . To this end we focused measurements on outward "tail currents," which are the signature element of I Kr and on outward currents carried by Cs ϩ , which is conducted by I Kr channels (32, 45) . Although not definitive, our findings are consistent with known characteristics of the I Kr . Thus, to the best of our knowledge, this is the first demonstration that LPS inhibits the I Kr . The ion channel protein that accounts for the murine I Kr is the mouse ether-a-go-go (mERG), which is encoded by the Kcnh2 mouse gene. The latter is an orthologue of KCNH2, which is the gene encoding the human ether-a-go-go (hERG) ion channel. HL-1 cells express mouse ERG1 (39) , and these authors have shown that knockdown of mERG1 transcripts in HL-1 cells with small interfering RNA reduces I Kr , which confirms the linkage (39) . Others (21) have reported that selective knockout of mouse ERG1 B K ϩ channel eliminates I Kr in adult ventricular myocytes and elicits episodes of abrupt sinus bradycardia, which is consistent with the effects of LPS on I Kr and action potential duration.
The increase in action potential duration secondary to inhibition of I Kr by LPS also accounts in part for the decreased in firing rate of spontaneous action potentials in HL-1 cells. Inihibition of I Kr by dofetilde increased HL-1 cell action potential duration significantly and decreased their beat rate by 42% (43) . These investigators also reported that tetrodotoxin and lidocaine decreased HL-1 cell beat rate, which resulted from an increase in diastolic depolarization rather that increased action potential duration (43) . Thus the increased duration of the HL-1 cell pacemaker potential by LPS reported here, as well as the shift in threshold potential to more positive voltage, may well have resulted from its inhibition of I Na. Others (13) have reported that pharmacologic LPS concentrations (Ͼ50 ng/ml) reduces the availability of human skeletal muscle voltage-gated Na ϩ channels at depolarized membrane potentials by enhancing channel inactivation.
The effect of LPS to increase action potential duration and decreased frequency of firing occurred slowly over 20 min and correlated with the time course over which LPS reduced I Kr tail currents and I Na . This protracted inhibition, however, points to a mechanism of LPS action that involves intermediary steps of cell signaling or metabolism. Methanesulfonanilides, such as E-4031, reportedly block open hERG I Kr channels in myocardium (35) , which explains their rapid block of I Kr tail currents in HL-1 cells and suggests an alternate mechanism for inhibition by LPS, which occurs slower. Others (34) have shown that mdivi-1, an inhibitor of mitochondrial fission, also increases action potential duration and inhibits I Kr in HL-1 cells, and this occurred within min. Thus we have no further information that might elucidate the cellular mechanisms by which LPS might inhibit I Kr other than to conjecture, based on other reports, that phosphatidylinositol 4,5-bisphosphate (PIP 2 ) may be involved, since it is a cofactor for function of many ion channels (37) , including HCN (46) and hERG (2, 3) . It is of interest that TLR4 downstream signaling involves recruitment of the adaptor protein TIRAP, which in turn is recruited to the plasma membrane via a PIP 2 binding domain (18) . This suggests that TLR4 activation of the myocardium conscripts PIP 2 and reduces its availability for I Kr activation; however, we not aware of reports demonstrating a role for PIP2 in the regulation of I Na and voltage-regulated Na ϩ channels (37) . Finally, the magnitude and expression of various ionic currents varied markedly among cells reported herein and by others (29, 42, 43) . This may reflect variability in the differentiation of the contractile phenotype among HL-1 cells depending on the age of the culture and the degree of cell confluence. We conducted our experiments on small islands of cells 1-2 days in culture to correspond with our previous measurements of the effects of LPS on Ca 2ϩ oscillations and [Ca 2ϩ ] i and to obviate space-clamp errors that can occur in cells electrically coupled via syncytial connexins (4). Thus, as often as possible, we compared control and experimental variables measured in the same cell.
In summary, we have demonstrated that LPS increases action potential duration and slows rate of firing in mouse HL-1 cardiomyocytes and that this results secondarily to inhibition of I Kr and I Na by LPS. This inhibition most likely results from a primary metabolic effect of LPS that reduces available mERG and voltage-gated Na ϩ channels or extends their inactivation. Taken together, these findings elucidate cellular mechanisms that account for myocardial depression that accompanies sepsis.
